We have succeeded in synthesizing vertically aligned thin multi-walled carbon nanotubes (VA thin-MWCNTs) by a catalytic chemical vapor deposition (CCVD) method onto Fe/Al thin film deposited on a Si wafers using an optimum amount of hydrogen sulfide (H 2 S) additive. Scanning electron microscope (SEM) images revealed that the as-synthesized CNT arrays were vertically well-oriented perpendicular to the substrate with relatively uniform length. Transmission electron microscope (TEM) observations indicated that the as-grown CNTs were nearly catalyst-free thin-MWCNTs with small outer diameters of less than 10nm.
Ⅰ. Introduction
Carbon nanotubes (CNTs) have been extensively utilized as one of the best field emitters due to their high aspect ratio, high mechanical strength, high electrical conductivity, and strong C-C covalent bonds in graphene layers constituting the nanotubes [1, 2] .
Recently, thin multi-walled CNTs thick-MWCNTs [3, 4] . As thin-MWCNTs are composed of 2-6 coaxial graphene layers and diameters of less than 10 nm, they possess excellent electron field emission properties such as a lower onset electric field and higher emission current density as SWCNTs and DWCNTs due to the large field enhancement factor, and also better emission current stability for long operation time as thick-MWCNTs due to the ex-istence of several graphene layers.
Until now, the thin-MWCNTs have been synthesized by various methods such as arc discharge, laser vaporization, and chemical vapor deposition (CVD) [3] [4] [5] . Among these synthesis methods, the CVD technique is suitable for synthesizing vertically aligned CNTs (VA CNTs) because it is possible to control the diameter, length and structure of aligned CNTs through process parameters. It is well known that aligned CNTs which are directly grown on a variety of substrates are of great importance for a number of nanoelectronic applications such as field emission display [6] and sensors [7] . Many research groups have synthesized various species of VA CNTs such as SWCNTs [8, 9] , DWCNTs [10, 11] , and thick-MWCNTs [6, [12] [13] [14] [15] with an adequately controlled length of several tens of mm and several mm.
However, most of the synthesized MWCNTs generally indicated thick diameters about 20~50 nm. Since the field emission from CNTs is strongly dependent on the aspect ratio of CNTs which is inversely proportional to the diameter [16] , it is expected that thin-MWCNTs show the better field emission performance than that of thick-MWCNTs. Recently, the addition of sulfur was found to be effective in promoting the growth and the yield of CNTs, resulting in massive growth of super dense and VA CNT forests [17] [18] [19] [20] [21] [22] [23] . Hydrogen sulfide (H2S) gases were applied to our process for growing VA thin-MWCNTs. Although VA thin-MWCNT arrays have been grown by various CVD techniques, their field emission performances have not been reported yet [24] [25] [26] [27] .
In this paper, we report that the VA thin-MWCNTs with a thin diameter of about 10 nm were successfully synthesized by a CCVD method onto Fe/Al thin films deposited on Si wafers. We found that the addition of hydrogen sulfide (H2S) was effective in increasing the growth rate of the CNTs and inducing the vertical alignment of thin-MWCNTs. The well-aligned thin-MWCNTs showed good field emission properties and strong emission stability.
Ⅱ. EXPERIMENT
Initially, a 10 nm-thick Al film was deposited onto the n-type Si(100) substrate using thermal evapo- Sulfur has been found to be a key role in producing carbon filaments by the floating catalyst method and in enhancing the productivity of carbon fibers [28, 29] . Low coverage of sulfur in the metal surface layers may favor a carbon-carbon bond rupture and precipitation of the carbon filament [29] . Our experiments showed that an optimal amount of H 2 S additive was necessary to increase the growth rate of MWCNTs and to produce the well-aligned CNTs. In our experiments, the roles of the H 2 S additive may be expressed by the following reactions: we can synthesize the well-aligned thin-MWCNTs with the optimum amount of the H2S additive. , where B = 6.83×10 , ?is the work function of the CNT, and ?is the field enhancement factor [31] . In the calculation of the field enhancement factor, the work function of the CNT was assumed to be equal to that of graphite (5 eV) [32] . The ?value of our VA thin-MWCNTs was calculated to be 3774, which was larger than those of the VA MWCNTs reported previously [33] . This is probably attributed to the smaller tip radius of our VA thin-MWCNTs. thin-MWNTs using a spray method which showed that the turn-on field was ~1.08 V/μm at a current of ~ 1 μA and the current density was increased to In other words, the majority of well-aligned thin-MWCNTs can participate in the field emission.
The current loading is reduced; as a result, the emission current can be stable over a longer operation time. Therefore, we suggest that VA thin-MWCNTs can be used to fabricate robust field emitters for various vacuum electronic devices such as field emission displays (FEDs), flat lamps, x-ray sources, and high resolution electron beam instruments.
Ⅳ. CONCLUSION
We successfully synthesized well-aligned thinMWCNTs using a CCVD method with a H 2 S additive.
The as-grown CNTs were thin-MWCNTs with diameters of less than 10 nm and about 5 graphene layers. 
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